The flow in a two-dimensional cavity with a free surface and a bottom opening on a channel stream is numerically calculated. The calculated results are compared with experimental data measured in the vertical openings of ship models. The calculations are performed using GSMAC-FEM. The arbitrary Lagrangian-Eulerian formulation is applied to deal with the free surface motion. To test the algorithm used in the present calculation, three cases of the fluid problem are examined: normal cavity flow, free oscillation of water in a tank, and the run up height of a solitary wave on a tank wall. In the three cases, the calculation results show good agreements with previously published data. Using the present calculation algorithm, the flow in a cavity with a free surface and a bottom opening to a channel flow is calculated and the following conclusions are obtained: (1) Vertical oscillations of the free surface in the cavities are observed in the numerical calculation when there are two vertical cavities with the free surface on the upper wall of a channel flow.
INTRODUCTION
Many researchers have studied the cavity flow problem in order to verify the validity of their numerical calculation techniques. However, a cavity that consists of a free surface on the top and flow on the bottom has not been studied. Cavities with a free surface occur in certain kinds of ships that have vertical holes in their hulls. One such ship is a drilling vessel that has a vertical hole called a moonpool 1), 2) . It is used for lowering a boring drill-pipe to the sea bottom. One of the present authors, K.Fukuda, conducted model tests in a towing water tank and reported 1) that the water in a moonpool moves up and down, which increases the ship resistance at certain ship speeds.
This present paper presents numerical calculations of the water motion in a two-dimensional vertical cavity with a free surface on the top and a current on the bottom. The calculation is performed using the GSMAC-FEM 3) (Genaralized Simplified Marker and Cell -Finite Element Method) for the ALE (arbitrary Lagrangian -Eulerian) formulation.
In order to verify the validity of this calculation method, calculations are performed for three practical cases; normal cavity flow, free oscillation of a liquid in a tank, and the run-up height of a solitary wave on a tank wall. The results obtained are compared with previously published calculation results.
The calculation for the flow in the cavity with a free surface is performed by inserting two cavities in the channel upward wall. Computed results for the amplitude and frequency of the surface motion are compared with previously published experimental results of the vertical opening of the ship models.
NUMERICAL CALCULATION 2.1 Governing Equations
The ALE formulation is applied to calculate the motion of the free surface. The ALE equations for two-dimensional laminar flow of an incompressible liquid are as follows:
where j u is the velocity components in j x direction, and j û is the grid velocity. P is the potential, which is the sum of the pressure p and the gravitational potential of the function of Froude number Fr. ij τ is the stress tensor. These variables are converted to non-dimensional forms using the length L, speed U and density ρ. In the present paper, the Einstein summation rule is applied to the same subscripts.
Equation of free surface
The free surface form is determined from the fact that the surface moves with the liquid speed.
where H is the free surface height measured from the channel bottom. In this study, the distortion of the free surface is assumed to be small and the surface tension is neglected. The * Nara National College of Technology ** Nagoya University, Graduate School of Information Science (Researched at Advanced Engineering Course of Nara National College of Technology) Recieved Read at the spring meeting ©The Japan Society of Naval Architects and Ocean Engineering Received 21st Apr. 2009 boundary condition on the free surface is given by 0 p n n p j ij i = − τ (7) where i n is the unit normal vector to the free surface, 0 p is the atmospheric pressure( its value is taken to be zero).
GSMAC-FEM method (1) Time discretization
The calculation is performed using the GSMAC-FEM method described in Ref. 3) . In this method, the governing equation, Eq.(1), is discretized into a semi-implicit formulation, namely velocity is explicitly discretized and pressure is implicitly discretized. A balancing tensor diffusivity (BTD) term is added in order to increase the accuracy in time and stability.
The procedure in one computational time step t Δ consists of following four steps. (2) Spatial discretization by FEM The spatial discretizaion is made with quadrilateral elements by Galerkin FEM. The velocity in a cell, i u , is interpolated by the shape function N a with the velocity at the nodal point velocity ia u .
where a ξ = +1 or -1, and a η = +1 or -1, which depend on the subscript a. Eqs.(8)-(12) are discretized as follows: where the subscripts a and b denote the local node number (from 1 to 4) and i and j denote coordinate and velocity numbers (from 1 to 2). The superscript e is the mean value on the element Ω. The velocity is interpolated with a set of shape function N a on the element Ω. The potential including the pressure, P e ,is assumed to be constant on Ω. The boundary condition on the free surface, Eq. (7), is substituted into Eq.(26) of the free surface elements. When the distortion of the free surface is assumed to be small, Eq.(26) is approximated in the following form on the free surface.
On the Direchlet boundary condition parts, for example on the wall, Eq.(26) is 0, because we can assume that the shape function N a of the weight function is 0.
Discretization of free surface by FEM
The free surface equation, Eq. (6), is discretized on time marching to Eq.(29). This equation also includes the BTD term. 1 u is taken to be zero because the distortion of the free surface is assumed to be small and 1
x coordinate is not moved. 
VALIDITY of PRESENT SCHEME
In order to assess the validity of the present calculation algorithm, the following three cases were calculated and results obtained were compared with previously published data.
3.1 Closed cavity flow There are a lot of calculation results for a closed cavity in which one wall moves at a constant speed. Boundary conditions of all walls are non-slip conditions. Fig.2 shows the calculated velocity in the cavity ( 30×30 grid) and velocity distributions at the horizontal and vertical center lines in the cavity and compares these results with the data of Hashimoto 3) and Ghia 4) . 
Free oscillation of a liquid in a tank
The free oscillation of a liquid in a tank with a unit height and a unit width is calculated and the results are compared with Ramaswamy data 5) . The initial profile of the free surface is given by Eq.(34). h is the initial solitary wave height. Fig.4 shows the pattern of the solitary wave propagation at each dimensionless time step for the inviscid liquid. Fig.5 shows a comparison of the calculated results for the run-up height R/d with the theoretical one. The horizontal axis represents the initial solitary wave height h 0 /d. The calculations are performed for both without viscous effect (Re=∞) and with viscous effect (Re=100). Fig.5 shows that present computed results agree well with the theoretical values. Fig.6 shows the calculation model used for a vertical cavity with a free surface. The vertical cavities with free surfaces are located on the upper wall of a channel flow. Two vertical cavities are set on the upper wall. We expect that two free surface motions in the cavities will be generated in opposite directions, while the flowing water volume remains constant.
( )
The following boundary conditions were used; the channel bottom and the vertical walls of the cavity are in slip conditions, the channel ceiling is in non-slip condition, and both inflow and outflow satisfy Direchlet condition (U=U 0 ). Usually in the calculation of a channel flow, we use the Neumann condition for the boundary condition at the outflow part. However, if the outflow part is given with the Neumann condition in this case, the water will flow out toward the ground direction because of the effect of gravity. When the volume of inflow and outflow are not equal, the mean level of the free surface will vary. Therefore we set U=U 0 into the boundary condition of the outflow part.
The dimensionless governing equation, Eq.(1), has two parameters, namely the Reynolds number Re and the Froude number Fr. We simultaneously determined both numbers with only one variable of the flow speed U, by setting the cavity width to L=0.05m, kinetic viscosity to ν =10 -5 m 2 /sec, and the acceleration due to gravity to g=9.81m/sec 2 . The kinetic viscosity ν was set to about 1/10 of that of water to ensure the stability of the calculation.
(a) Calculation mesh (cavity: 16×16 grid, channel: 30×178 grid) (b) Boundary conditions Fig.6 Calculation field consisting of a channel with two cavities with free surface 4.2 Natural frequency of vertical water movement The water in the cavity with the free surface on the water stream moves up and down at a certain water stream speed.
The natural frequency was calculated to consider the vertical motion. The natural frequency was obtained by allowing the water to flow freely from the initial condition in which the water level of the front cavity was elevated (h/d=+0.2) and that of back cavity was lowered (h/d=-0.2) at the no stream speed condition. The calculated data are plotted in Fig.7 as non-dimensional circular frequency of However in the case of the shallow cavity, the vertical motion takes with the distorted free surface. When the depth of the cavity is shallow compared with the width, i.e. d/L < 0.5, the water moves backward and forward as a sloshing motion in the tank. In that case, the calculation breaks down because the free surface reaches the channel ceiling. In this study, the depth to width ratio is constrained to lie between 0.8< d/L <2.0, so that the free surface motion is mainly vertical. The calculated moving amplitude is larger than that of the experiment. We suppose that the reason for this is the fact that the calculation was done with the two-dimensional cavities of the same size, whereas the experiment had been carried out with the three-dimensional ship models which had one cavity, moon pool, and the other was the large water surface surrounding the ship model. 
CONCLUSION
In this study, the flow in the two-dimensional cavities with a free surface and a bottom opening to a water stream were numerically calculated using the GSMAC-FEM method. The ALE formulation was applied to adapt to the FEM mesh movement for the free surface motion. In order to confirm the accuracy of the calculation method three cases were examined; normal cavity flow, free oscillation motion in a tank and the run up height of a solitary wave on the tank wall. The calculated results were compared with the previously published data. And theses tested cases demonstrated that the present algorithm is accurate for the cavity flow calculation with a free surface.
Using the present calculation technique, the flow in a cavity with a free surface and a bottom opening to a channel flow was calculated and the following conclusions were obtained.
(1) When two vertical cavities with a free surface and a bottom opening are set on the upper wall of a channel flow, the free surface moves up and down in the stream velocity range 0.6< 2U/(Lω 0 )< 1.8. The value of 2U/(Lω 0 ) is the same as 1/(πSt), where St is the Strouhal number, St=f 0 L/U. These results agree well with the experimental data which were measured in the vertical openings of ship models.
(2) The dimensionless circular frequencies (ω/ω 0 ) of the vertical motion agree well with the experimental data measured in the vertical openings of ship models. In both calculation and experiment results, the lock-in phenomena of the oscillation are observed.
